We have designed the most efficient strategy to knock out genes in fission yeast Schizosaccharomyces pombe on a large scale. Our technique is based on knockout constructs that contain regions homologous to the target gene cloned into vectors carrying dominant drug-resistance markers. Most of the steps are carried out in a 96-well format, allowing simultaneous deletion of 96 genes in one batch. Based on our knockout technique, we designed a strategy for cloning knockout constructs for all predicted fission yeast genes, which is available in a form of a searchable database http://mendel.imp.ac.at/Pombe_deletion. We validated this technique in a screen where we identified novel genes required for chromosome segregation during meiosis. Here, we present our protocol with detailed instructions. Using this protocol, one person can knock out 96 S. pombe genes in 8 days.
INTRODUCTION
Large-scale knockout screens in fission yeast have been hindered so far by lack of an efficient knockout technique. A technique using long oligonucleotides (80 bp homology to the target sequence) 1 was used in a pilot gene deletion project. As many as 20 out of 85 selected genes could not be deleted in a diploid strain 2 . Using the same approach, Martin-Castellanos et al. 3 deleted 160 out of 184 selected meiotically upregulated genes. Recently, Korean BIONEER Corporation embarked on knocking out all fission yeast genes (http://pombe.bioneer.co.kr) using a long-oligonucleotide strategy. Although the long-oligonucleotide strategy 1 has been widely used to knock out and modify genes in fission yeast, the low efficiency of this strategy suggests that it may not be optimal for large-scale screens.
We tested and compared different knockout strategies and decided that the most efficient strategy was to use constructs containing left and right homology regions 150-700 bp long cloned into a vector (Fig. 1) . The vector was carrying dominant drug resistance markers conferring resistance to either nourseothricin or hygromycin B [4] [5] [6] . We chose the nourseothricin and hygromycin B resistance genes because these have so far not been widely used in fission yeast, which will facilitate the generation of deletions in most of the existing fission yeast strains. Most of the steps are carried out in a 96-well format, allowing simultaneous deletion of 96 genes in one batch.
We validated this technique in our initial screen where we knocked out 180 uncharacterized genes and identified proteins required for meiotic chromosome segregation, most notably the protector of centromeric cohesion Sgo1 (ref. 4) . In this screen, we were able to knock out 180 genes out of 192 selected. The remaining genes, which resisted deletion, may be essential genes or possibly genes that are refractory to targeting by homologous recombination owing to a repressed state during vegetative growth 7 . Besides its superior knockout efficiency, our strategy has the added advantage that a library of knockout plasmids is created.
We further designed a strategy for cloning knockout constructs for all predicted fission yeast genes that is available in a form of a searchable database (http://mendel.imp.ac.at/Pombe_deletion). Apart from the cloning strategy, this webpage includes gel previews 'dw'', respectively. PCR primers were designed in silico so that 150-700 bp of up and dw regions are amplified. Combination of primers upout + upin and primers dwout + dwin is used to PCR amplify regions upstream and downstream of the target gene, respectively. These are the homology regions used to knock out the target gene. Primers encode restriction sites, which are used to clone the homology regions into the pCloneNat1 or pCloneHyg1 vector. The vector containing homology regions is linearized (linearization in the homology region increases efficiency of the targeting) and transformed into yeast. Homologous recombination is used to replace the target gene with the knockout construct. The knockout is verified in yeast transformants by colony PCR using combination of primers upch and upch-uni and primers dwch and dwch-uni.
indicating mobility of the PCR-amplified homology regions, ligation products and checking PCR products as well as basic information about the protein, DNA sequence of the target gene and link to S. pombe genome database (GeneDB). Web-based tool that automatically suggests primer sequences for deletion, tagging and regulatable expression of S. pombe genes using long oligonucleotides is now also available 8 . Apart from the fission yeast, this knockout technique should also be applicable to other yeast species (including pathogenic yeasts) where homologous recombination can be used to knock out genes.
MATERIALS

REAGENTS
. PCR kit (Takara). PCR kits from other suppliers should also work. PCR premix will typically contain 1Â PCR buffer (containing 1.5 mM MgCl 2 , 0.2 mM each dNTP mixture, 0.5 mM each primer, 2 U per 100 ml Taq DNA polymerase, template DNA)
. Restriction enzymes (Roche) . Primers can be ordered in 96-well plates from Invitrogen. For each knockout, six primers are required (upout, upin, dwout, dwin, upch, dwch) . pCloneNat1 (Kim Nasmyth DNA collection number K4421) or pCloneHyg1 (Kim Nasmyth DNA collection number K4802) are the vectors used for cloning deletion constructs. They can be requested from Kim Nasmyth laboratory . S. pombe genomic DNA from which the homology regions can be amplified . For 
L-lysine and L-leucine. For selection, add clonat at 100 mg ml À1 and hygromycin B at 200 mg ml À1 . Primers Dissolve oligonucleotide primers in TE buffer to 100 mM concentration. To knock out 96 genes (one batch), you will need six 96-well plates with primers (upout, upin, dwout, dwin, upch, dwch). Reagents required for deletion of one gene Two 20-mer oligonucleotides, four 30-mer oligos, standard synthesis, desalted; 460 ml PCR reaction; 8.5 ml restriction enzymes; 4 ml T4 DNA ligase; four DNA purification columns; competent bacteria and yeast cells plus reagents for transforming and growth media. PROCEDURE Day 1: preparing vector 1| Prepare vector pCloneNat1 or pCloneHyg1 (Fig. 2) , which confer resistance to nourseothricin (clonat) and hygromycin B, respectively [4] [5] [6] . Per ligation you need 10 ng of vector digested with two restriction enzymes and dephosphorylated. We advise to prepare the vector very well: digest the vector with restriction enzyme, give it a long run on agarose gel electrophoresis, extract it from the gel using a Qiagen gel-extraction kit column and dephosphorylate it with shrimp alkaline phosphatase. Vector preparations digested with XhoI/BamHI can be ligated to inserts digested with XhoI/BglII, XhoI/BamHI and SalI/BglII. Vector preparations digested with HindIII/BamHI can be ligated to inserts digested with HindIII/BamHI and HindIII/BglII. Vector preparations digested with SspBI/BamHI can be ligated to inserts digested with SspBI/BamHI and SspBI/BglII. Inserts digested with HindIII/SspBI, XhoI/SspBI or HindIII/XhoI need to be ligated to vector preparations digested with the same enzymes. We used restriction enzymes from Roche with the following Roche buffers: buffer H for XhoI/BglII, SalI/BglII and XbaI digests; buffer B for HindIII/BamHI, XhoI/BamHI, SspBI/BamHI and XhoI/SspBI digests; buffer M for NheI; and buffer A for ApaI digests. Dephosphorylate the vector with shrimp alkaline phosphatase according to the manufacturer's instructions (we used phosphatase from USB). m CRITICAL STEP Do not rush with preparing the vector. Vector that is not digested to completion and not prepared properly may result in high numbers of negative E. coli transformants containing empty vector without homology regions.
Preparing primers 2| Order primers (100 mM solution) in 96-well plates from the supplier of your choice. We chose Invitrogen. Per batch you will get six 96-well blocks containing required primers: upout, upin, dwout, dwin for cloning, and upch and dwch for yeast checking PCR (Fig. 1) . 3| Upon receipt of the primers (100 mM solution), melt them at room temperature (approximately 23 1C) or in a microwave and add 5 ml of 100Â TE to each well using a multistep dispenser (0.5 U with 1 U ¼ 10 ml tip).
4| Dispense 90 ml of sterile water into four fresh PCR microtiter plates using a multistep dispenser (4.5 U with 1 U ¼ 20 ml tip). To the first plate, add 5 ml of upout and 5 ml of upin primers (this is referred to as the up plate). To the second plate, add 5 ml of dwout and 5 ml of dwin primers (this is referred to as the dw plate), thus diluting the primers 1:20 and mixing the pairs together. To the third plate, add 5 ml of 100 mM upch primer (this is referred to as the upch plate) and to the fourth plate add 5 ml of 100 mM dwch oligo (this is referred to as the dwch plate), thus diluting the oligos approximately 1:20. Freeze the upch and dwch plates at À20 1C (they will be used in Step 37). The final concentration of primers will be 5 mM each (Fig. 3) .
PCR amplification of homology regions 5| Make 10,000 ml of 1.1Â PCR premix containing everything (DNA polymerase, dNTPs, 1.1Â buffer, 5 ml of template (genomic) DNA), apart from primers. Dispense 50 ml per well into two PCR microtiter plates prechilled on ice using a multistep dispenser (2.5 U with 1 U ¼ 20 ml tip). To the first plate, add using a multichannel pipette 5 ml from up plate (prepared in Step 4) containing 5 mM upout and 5 mM upin primers (this is referred to as the up PCR plate). To the second plate, add 5 ml from dw plate (prepared in Step 4) containing 5 mM dwout and 5 mM dwin primers (this is referred to as the dw PCR plate) ( 6| Run an aliquot of the PCR on a gel: First dispense into two PCR microtiter plates 5 ml of 3Â DNA loading buffer using a multistep dispenser (0.5 U with 1 U ¼ 10 ml tip). From the PCR reaction, pipette 10 ml (using a 100 ml eight-way multichannel pipette) into microtiter plates with the loading buffer. Using the same pipette and tips, load 10 ml on a 1.5% agarose gel. Run the gel, take a picture and compare to lines 1 and 2 of the gel preview at http://mendel.imp.ac.at/Pombe_deletion. ? TROUBLESHOOTING Cloning of homology regions into vector 7| Mix 40 ml of the PCR reactions from the up plate (now containing upstream homology regions) with 40 ml of PCR reactions from the dw plate (now containing downstream homology regions) in a 1.5 ml microfuge tube (96 single tubes) (Fig. 5) . Purify over a Qiagen gel-extraction kit column according to the manufacturer's instructions. Use 600 ml of buffer PB and elute with 30 ml of buffer EB.
8| Make the first restriction enzyme premixes: Per sample use 5.8 ml of 10Â buffer, 2 ml of enzyme Enz1 and 22.2 ml of H 2 O. Dispense 30 ml into tubes using a multistep dispenser (3 U with 1 U ¼ 10 ml tip). Mix by quick vortexing. Incubate for 2 h at 37 1C.
9| Purify over a Qiagen gel-extraction kit column. Use 300 ml of buffer PB and elute with 30 ml of buffer EB. ' PAUSE POINT Digested PCR products can be stored for months at À20 1C.
10| Make the first ligation premix: Per sample use 5.8 ml of 10Â buffer, 2 ml of T4 DNA ligase and 22. 
100 µM upout 100 µM upin 100 µM dwout 100 µM dwin 100 µM upch 100 µM dwch Figure 3 | Dilution of primers. Upon receipt of the primers, add 5 ml of 100Â TE to each well. Dispense 90 ml of sterile water into four fresh PCR microtiter plates. To the first plate, add 5 ml of upout and 5 ml of upin primers (this is referred to as the up plate). To the second plate, add 5 ml of dwout and 5 ml of dwin primers (this is referred to as the dw plate). To the third plate, add 5 ml of 100 mM upch primer (this is referred to as the upch plate). To the fourth plate, add 5 ml of 100 mM dwch oligo (this is referred to as the dwch plate).
Dispense 30 ml into tubes using a multistep dispenser (3 U with 1 U ¼ 10 ml tip). Mix by quick vortexing. Incubate overnight (16 h) at 4 1C.
Day 2 11|
Purify over a Qiagen gel-extraction kit column. Use 300 ml of buffer PB and elute with 30 ml of buffer EB. Extraction of DNA from agarose gels is carried out in single tubes. If a gel extraction kit becomes available in a 96-well format, this may speed up the whole procedure.
12| Make the second restriction enzyme premix: Per sample use 5.8 ml of 10Â buffer, 1.5 ml of EnzA, 1.5 ml of EnzB and 21.2 ml of H 2 O. Dispense 30 ml into tubes using the multistep dispenser (3 U with 1 U ¼ 10 ml tip). Mix by quick vortexing. Incubate for 2 h at 37 1C.
13| Add 12 ml of 6Â DNA loading buffer and load on a 1% agarose gel. Use two gels for 96 samples and allow the samples to run twice as far as usual. PCR primers are designed such that two homology regions are of unequal size; therefore, five bands are expected to be seen after ligation. These correspond to the monomer of the smaller homology region, the monomer of the larger homology region, the homodimer of the smaller homology region, the desired heterodimer and the homodimer of the larger homology region. Using a cutting tool (alternatively, use a scalpel), cut out the band corresponding to correctly ligated heterodimer of two homology regions according to the gel preview at http://mendel.imp.ac.at/Pombe_deletion (the desired heterodimer is highlighted) (Fig. 6) . m CRITICAL STEP Exposure to UV light can damage DNA. Work quickly and minimize the UV exposure.
14| Gel extract using a Qiagen gel-extraction kit column. Use 500 ml of buffer QG and elute with 30 ml of buffer EB. ' PAUSE POINT Digested PCR products can be stored for months at À20 1C.
15| Transfer 10 ml of the eluted insert into a new PCR microtiter plate.
16| Ligate 10 ml of extracted insert with approximately 10 ng of digested vector (prepared in Step 1) using a commercial rapid ligation kit (we used Takara DNA Ligation Kit Version 2). Incubate the ligation according to the manufacturer's instructions (30 min for Takara DNA Ligation Kit Version 2). Do a control ligation without the insert. Alternatively, use T4 DNA ligase and incubate overnight at 4 1C. Per sample use 2 ml of 10Â buffer, 1.5 ml of T4 DNA ligase, approximately 10 ng of cut and dephosphorylated vector and up to 20 ml H 2 O. Dispense 20 ml using the multistep dispenser (2 U with 1 U ¼ 10 ml tip). Mix by quick vortexing. Incubate overnight (16 h) at 4 1C.
Transforming E. coli 17| Chill the microtiter plates with ligation reactions on ice. Add 150 ml of competent E. coli DH5a using a multistep dispenser (3 U with 1 U ¼ 50 ml tip). Incubate for 30 min on ice and subject to heat shock for 90 s at 42 1C (in a thermocycler). Transfer the transformation mix to a 96-deep well block containing 1 ml of prewarmed 2Â TY medium (LB will do) using a 300 ml multichannel pipette. Seal the plate and incubate for 30 min at 37 1C with shaking.
18| Spin down bacteria in a benchtop centrifuge (5 min, 2,000g, 23 1C). Pour off the supernatant, resuspend the pellet in each well in 100 ml of 2Â TY medium (by vortexing with lid sticker on) and plate on 2Â TY + ampicillin plates (100 ml per plate) (LB medium can also be used Figure 4 | Amplification of homology regions by PCR. Dispense 50 ml of the PCR premix per well into two PCR microtiter plates. Into the first plate, add 5 ml from up plate containing 5 mM upout and 5 mM upin primers (this is referred to as the up PCR plate). To the second plate, add 5 ml from dw plate containing 5 mM dwout and 5 mM dwin primers (this is referred to as the dw PCR plate). Day 3: checking bacteria by PCR followed by Enz1 digest 19| Prepare 4,000 ml PCR premix containing everything (DNA polymerase, dNTPs, buffer, primers) apart from the template. Use primers upch-uni and dwch-uni. If you use the TAKARA PCR kit, per 100 ml use 10 ml of 10Â buffer, 8 ml of dNTPs, 6 ml of MgCl 2 , 0.5 ml of Taq polymerase, 0.5 ml of 100mM upch-uni primer, 0.5 ml of dwch-uni primer and 74.5 ml of H 2 O. Dispense 20 ml into two 96-well PCR microtiter plates prechilled on ice using a multistep dispenser (2 U with 1 U ¼ 10 ml tip).
20| Prepare two new 96-well tissue culture microtiter plates. Dispense 100 ml of 2Â TY + ampicillin medium into each well using a multistep dispenser (2 U with 1 U ¼ 50 ml tip) (Fig. 7) .
21| Check two E. coli colonies for each construct. Using a yellow tip, pick the first colony and place the tip on the eight-channel pipette. Then, pick a second colony and place the second tip on the pipette next to the first one. Continue with the next construct until all eight positions of the pipette are filled (this will contain four different constructs, two colonies for each) (Fig. 6) 22| Make restriction enzyme premix: Per sample use 0.5 ml of Enz1 and 4.5 ml H 2 O. Dispense 5 ml directly into each well of the 96-well microtiter plate containing PCR reactions, using a multistep dispenser (0.5 U with 1 U ¼ 10 ml tip). Incubate for 2 h at 37 1C.
23| Run on a gel: First prepare 1.6Â DNA loading buffer in a multichannel pipette reservoir. Pipette 15 ml into each well of the 96-well microtiter plates containing Enz1-digested PCR (from Step 22). Mix by pipetting up and down and load 15 ml on a 1.5% agarose gel.
24| Take a picture of the gel and compare it with the gel preview at http://mendel.imp.ac.at/Pombe_deletion. Identify positive clones (i.e., those with the insert of correct size that is also cleavable by the Enz1 enzyme) and sort them into one 96-deepwell plate containing 1.5 ml of 2Â TY + ampicillin in each well. Alternatively, use two 48-deep-well plates containing 3 ml of 2Â TY + ampicillin if more plasmid is needed. m CRITICAL STEP Checking of the PCR product by Enz1 digestion is necessary. We observed and confirmed by sequencing that some of the ligated homology regions contained altered Enz1 recognition sequence that could not be cleaved by the Enz1. ? TROUBLESHOOTING Day 4: preparing knockout plasmids 25| Prepare glycerol stock of E. coli transformants. Mix 50 ml of E. coli culture with 50 ml of 80% glycerol predispensed into a 96-well tissue culture plate and store at À80 1C.
26| Prepare plasmid DNA from the positive E. coli transformants. We used miniprep Qiagen columns. DNA purification columns in 96-well format are now available (e.g., Qiagen Turbo 96 kit), which should speed up the procedure. ' PAUSE POINT E. coli transformants can be stored for years at À80 1C. Plasmid DNA can be stored for years at À80 1C. Transforming yeast 27| Pipette 5 ml of prepared plasmid into a new 96-well PCR microtiter plate. Add 10 ml of restriction enzyme premix to linearize plasmids: Per sample use 1.5 ml of 10Â buffer, 1.5 ml of Enz1 and 12 ml of H 2 O, dispensed using a multistep dispenser (1 U with 1 U ¼ 10 ml tip). Incubate for 2 h at 37 1C.
28| Check the digests on a gel: First dispense 10 ml of 1.2Â DNA loading buffer into a 96-well PCR microtiter plate using a multistep dispenser (1 U with 1 U ¼ 10 ml tip) and add 2 ml of digested plasmid. Load 10 ml on a 1% agarose gel and run the gel.
29|
Transfer the remaining digest into a 1.5 ml microfuge tube and transform your favorite yeast strain using your favorite protocol-we used the lithium acetate method. Plate cells on appropriate selective plates-YES + clonat or YES + hygromycin (Box 1). four 96-well PCR plates on ice (referred to as dwch PCR plates) (Fig. 8 ).
30|
38| Prepare 6,000 ml of 1.6Â PCR premix containing upch-uni primer. Prepare another 6,000 ml of 1.6Â PCR premix containing dwch-uni primer. Dispense 15 ml of upch premix into four upch PCR plates and 15 ml of dwch premix into four dwch PCR plates. Keep the PCR plates on ice. Figure 8 | PCR checking of yeast transformants. Dispense 2.5 ml of upch primer into four 96-well PCR plates (referred to as upch PCR plates) and 2.5 ml of dwch primer into four 96-well PCR plates (referred to as dwch PCR plates). Dispense 15 ml of upch PCR premix into four upch PCR plates and 15 ml of dwch PCR premix into four dwch PCR plates and add the cell suspensions. ANTICIPATED RESULTS Using this protocol, one person can knock out 96 S. pombe genes in 8 days. It is also possible that one person can do two batches (192 knockouts) simultaneously; however, if more than 192 knockouts are required, additional help is needed. We successfully used this protocol to knock out functionally uncharacterized genes whose expression is upregulated during meiosis 9 . In this screen, we were able to knock out 180 genes out of 192 selected. Most of the steps are carried out in a 96-well format. However, single tubes are used for extraction of DNA from agarose gel and for plasmid purification. Recently, 96-well mini-prep kits became available (e.g., from Qiagen). In the future, gel extraction kits compatible with the 96-well system may also become available. Using these kits will eliminate single tubes and may speed up the whole procedure. This protocol can also be scaled down to knock out a single gene. We routinely use this protocol in our lab to knock out single genes. A diploid strain can be used to knock out essential genes. Knockout constructs can be verified by sequencing, which makes the whole procedure safe.
39|
Knocking out your favorite gene may affect neighboring genes if they are in close proximity to the target gene. If this is the case, new primers should be designed to move the regions of homology. We have not considered this criterion when designing knockout constructs for all S. pombe genes (http://mendel.imp.ac.at/Pombe_deletion). To exclude the effect of neighboring genes on the knockout phenotype, we suggest to test complementation of the knockout phenotype by introducing the wild-type allele of the target gene. 
